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SUMMARY 

ins 20 nnn C k P ^ Ual + ? eSi ? n ° f a nuclear turboelectric powerplant, produc- 
ing 20,000 kilowatts of power suitable for manned space vehicles is 

presented. The study indicates that the radiator necessary for react- 
ing cycle waste heat is the dominant weight, and emphasis is placed on 
he selection of cycle operating conditions in order to reduce this 
eight. A thermodynamic cycle using sodium vapor as the working fluid 
and operating at a turbine- inlet temperature of 2500° R was selected. 

t0 ^ was calculated to be approximately 6 

P P er J^iowatt. The radiator contributes approximately 2.1 pounds 

per kilowatt to the total weight and the reactor and reactor shield con- 
tribute approximately 0.24 and 1.2 pounds per kilowatt, respectively.' 

The generator, turbine, and piping add significantly to the total weight 
(between 0.5 end 0.6 Ib/kw), but the heat exchange^ purcps, -IT 
are less important. 


Several 
of a reliable 
discussed. 


important research areas associated with the development 
nuclear turboelectric powerplant of the type analyzed are 


INTRODUCTION 

Electric power requirements for space applications may range from 
a few watts to several megawatts, depending on the use. The smaller 
amounts of power are required for operating instruments and communica- 
i°n equipment. The larger amounts of power are required for electric 
propulsion in space and some communication equipment. The general pur- 
pose of this study is to investigate the characteristics of turbogener- 
ating powerplants presumed suitable for electric propulsion of manned 
vehicles m space. Only nuclear fission is considered as the source of 
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heat for the powerplant. The specific purposes of this study are: (l) 

to investigate the type of turbogenerating powerplant with the Spates 
potential, (2) to determine the research areas associated with the de- 
velopment of improved powerplants , and (3) to estimate the weight of the 
powerplant that might be realized per kilowatt of electrical output. 

Use of electric power to propel vehicles in space has been consid- 
ered by a number of investigators; for example, references 1 to 3. Ref- 
erence 4 proposes a series of measurements requiring small amounts of 
electrical power. Possible sources of these small amounts of power are 
surveyed in reference 5. 

This report presents the conceptual design of a nuclear turboelec- 
tric powerplant using sodium vapor as the cycle working fluid and liqu 
sodium for the reactor coolant. The analysis was concentrated on an 
electric power output of 20,000 kilowatts, a level selected in referen 
3 as suitable for propulsion of a fairly large manned space vehicle 
Powerplants operating on gas and vapor cycle; were considered be or 
sodiSn vapor was selected as the working fluid. Because the early Js 
of the study indicated that the heaviest single component of a 20,000 
kilowatt powerplant would be the radiator required for rejecting waste 
heat primary emphasis was placed on the selection of operating con l- 
tions ?o“Sce^his .eight. A specific manned space-vehicle configure- 
tion was chosen in order to obtain weight estimates and to make 
radiation-shielding calculations. 


DESCRIPTION OF VEHICLE 


In general, each powerplant component i 
istics of the remainder of the powerplant. 
tion of the selected powerplant and space-vf 
serve to clarify the discussion that. follows 
components (such as the radiation shield), 1 
figuration of the whole vehicle (not a part 
must be specified before that component can 
lining is unnecessary for space application; 
a space vehicle is that there be a convenie: 
of the various powerplant components and th 
hide configuration described as follows ha 
features; thus, there are probably other co 
desirable as the one presented here. 

The general arrangement of the entire vehicle is shown in figure 
The crew comment if at one end of the vehicle, and the reactor and 
its shield were placed at the opposite end. The structure that tie-, 
reactor and crew compartment together is specified to be rigid so tha 


s affected by the character- 
Therefore, a general descrip- 
hicle configuration will 

For some of the powerplant 
,he general geometrical con- 
of the powerplant proper) 
be analyzed. Since stream- 
;, the only requirement for 
it and logical arrangement 
; crew compartment. The ve- 
; some arbitrarily selected 
■^figurations at least as 
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For the turbine-inlet temperature selected for this study (2500° R), 
equations (l) and ( 2 ) were used to determine the minimum radiator areas 
for the gas and vapor cycles , respectively. Because the gas cycle equa- 
tion (eq. (l)) contains many parameters, a series of calculations were 
made to determine the independent effects on radiator area of the indi- 
vidual parameters involved. That is, for fixed values of turbine- inlet 
temperature Tj of 2500° R, radiator material emissivity e of 0.90, 

and the product of generator and mechanical efficiency t) of 0 . 95 , the 

remaining parameters in equation (l) were varied. A typical result of 
such a calculation is shown in figure 3 where the temperature ratios 
Tq/T^ (radiator inlet to turbine inlet) and Tq/T^ (radiator exit to 

turbine inlet) are permitted to vary for fixed values of compressor and 
turbine efficiencies (t]q = = 0.80), reactor and radiator pressure ra- 

/ ?3 Pi \ 

tlOS l P^ = p^ = 0-95 ]’ 9X111 a ratio of specific heats r of 1.66. It is 

noted on figure 3 that the minimum radiator area occurs for a value of 
T 4 /T 3 of 0.75 and Tq/T^, approximately 0.30. As each of the other pa- 
rameters was varied, it was found that the minimum radiator area always 
occurred at a value of approximately 0.75 for Tq/T-j. Figure 4 indicates 

the effects of reactor and radiator pressure ratios, compressor and tur- 
bine efficiencies, and ratio of specific heats on radiator area. The 
curves shown on figure 4 are envelope curves obtained from plots such as 
that shown on figure 3. Note that the abscissa of figure 4 is the min- 
imum cycle temperature (radiator-exit temperature for the gas cycle), Tq, 
instead of the ratio Tq/T^, as used on figure 3 . As expected, figure 

4 shows that the minimum radiator areas for gas cycles require high com- 
ponent efficiencies and minimum pressure losses in the cycle. 

The equation relating radiator area per kilowatt and the various 
vapor-cycle parameters (eq. (2)) is relatively simple to analyze. For 
fixed values of T^, e, tj and a range of values of Tq (minimum cycle 

temperature, or radiator- inlet, or -exit temperature), the only variable 
in equation (2) is turbine efficiency t^. By varying it was found 

that the minimum radiator area for the vapor cycle also occurs for a tem- 
perature ratio Tq/T 3 of approximately 0.75. 

A comparison of the gas and vapor cycles is made in figure 5, in 
which the variation in radiator surface area per kilowatt with minimum 
cycle temperature is shown for a turbine-inlet temperature of 2500° R 
and component efficiencies of 0.80. The helium curve was obtained 
from figure 4(b) and the vapor curves were calculated from equation (2). 
The large compressor work penalizes gas cycles by requiring a low tem- 
perature entering the radiator. Thermodynamic properties of sodium and 
mercury were determined as discussed in appendix B. 
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The two vapor cycles are comparable in radiator area (fig. 5) 
sodium being slightly better than mercury. However, the minimum radia- 
tor areas for a given turbine-inlet temperat ire are better for vapors 
than for gases by more than an order of magnitude. Thus, the remainder 
of this study considers only vapor cycles. The min imum radiator area 
for these vapor cycles occurs at a radiator temperature of approximately 
1900° R. At the temperatures shown in figurs 5, there is little to 
choose between sodium and mercury on a radiator-area bases; however, 
sodium is superior to mercury because of the pressures involved; that 
is, at 2500° R, mercury boils at a pressure of approximately 5400 pounds 
per square inch whereas sodium boils at approximately 75 pounds per 
square inch. Thus, in the interest of minimizing weight, sodium was 
chosen as the working fluid for the present application. 


Description of Cycle 

For a turbine-inlet temperature of 250C 3 R, a re actor- outlet cool- 
ant temperature of 2800° R was selected. Scdium, the cycle working 
fluid, was selected as the reactor coolant. If the liquid sodium used 
to cool the reactor is vaporized for use as the cycle working fluid, the 
reactor shielding problem becomes complicated because the sodium- 
containing components (turbine, radiator, ard pumps) also require shield- 
ing. Activation of the working fluid is avoided by introducing an inter- 
mediate heat exchanger and using a separate working fluid. 

Because of the lack of information on toiling liquid-metal heat 
transfer it was decided not to boil the working fluid in the interme- 
diate heat exchanger. Instead, the saturated liquid leaving the inter- 
mediate heat exchanger is sent to a separate r-evaporator . Here the 
fluid is expanded to high velocity; the concomitant reduction in pres- 
sure causes a small fraction of the fluid tc evaporate. The high- 
velocity fluid is directed into a circular path and the centrifugal 
force separates the vapor and liquid. The vapor then enters the tur- 
bine, while the liquid is mixed with the condensate from the radiator 
and returned to the intermediate heat exchanger. 

A temperature - entropy diagram of the cycle chosen for this study 
is shown in figure 6 and a schematic arrangement is shown in figure 7. 
Liquid sodium leaves the reactor at 2800° R (200 lb/sq in.) and enters 
the intermediate heat exchanger. In the intermediate heat exchanger 
the cycle working fluid is heated to 2700° I: (point 5 on fig. 6). In 
this process, the primary sodium is cooled vo 2575° R, and then returned 
to the reactor. The sodium working fluid f:*om the intermediate heat 
exchanger enters the separator-evaporator and is expanded to 69 pounds 
per square inch and a high velocity (point 6 on fig. 6) . At this point 
the fluid is about 4.0 percent vapor. The high-velocity fluid is directed 
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into. a circular path and the centrifugal force separates the vapor and 
liquid. The vapor (point 3 on fig. 6) then enters the turbine, while 
e iqu±d (poirrb 7 on fig. 6) is mixed with the radiator condensate. 
The working fluid is expanded in the turbine to 2.7 pounds per square 
inch (saturation temperature, 1800° R; exit quality, 79 percent (point 
V n *. 6Jj ' producing approximately 360 Btu of work from each pound 
of sodium passing through the turbine. The working fluid is then con- 
densed^ the radiator (to point 1 on fig. 6), its pressure is raised 
point 2 on fig. 6) in the condensate return pump and it is then 
mixed with the liquid from the evaporator (point 7 on fig. 6). The re- 
sisting fluid is at point 8 on figure 6. It is then pumped back into 
the intermediate heat exchanger (point 9 on fig. 6). The over-all 
cycle efficiency is approximately 22 percent. 


The condensate leaving the radiator is saturated, which may result 
m cavitation problems in the condensate return pump. If trouble arises 
the radiator would have to be enlarged and the fluid subcooled: however/ 
the total heat removed from the working fluid would probably not be in- 
creased substantially. The various cycle components will be discussed 
in following sections. 


REACTOR ANALYSIS 

The reactor in a space-vehicle powerplant must be small, light- 
weight, and capable of sustained operation for long periods of time. 

In the present study, the reactor-outlet coolant temperature is 2800° R. 
Therefore, the main problem in the design of this reactor is the selec- 
tion of materials that maintain satisfactory physical properties at high 
temperatures and yet have acceptable nuclear properties. Another impor- 
ant problem for this application is the large amount of uranium burnup. 

For a space-vehicle application, a reactor into which a large amount 
of fuel beyond the critical investment can be loaded and controlled is 
desirable so that the reactor requires refuelling as seldom as possible. 
®iis burnup consideration and the reactor heat-transfer requirements due 
to the high power level indicate that the benefits afforded by a hydro- 
genous moderator (very small critical size and fuel investment) are not 
exploitable for the present application. Thus, an exchange of improved 
material physical properties for poorer nuclear properties entails no 
sacrifice in the reactor design. 


Survey of Possible Reactor Types 

Some classes of reactors that could be considered for this applica- 
tion are liquid-core and solid-core (homogeneous and heterogeneous) re- 
actors. The liquid-core reactor, that is, one with the fuel dissolved 
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qj* dispersed, in a. liquid moderator , has an inherent advantage for use 
where a large burnup is required. A liquid core permits extended oper- 
ation because fuel can be added as it is burned up, and circulation of 
the liquid can keep the flux and power distributions across the core 
constant with time. Some of the materials that can be used as liquid 
moderators, such as molten salts, or aqueous solutions of salts, may be 
adversely affected by radiation, and some chemical reprocessing and 
radiolytic gas separation may be needed when these materials are used. 
However, some liquid metals, mainly beryllium and lithium (separated 
lithium-7), are good moderators and would rot involve the problem of 
radiation damage. Unfortunately, not much is known about the properties 
of these liquid metals, especially concerning their compatibility with 
suitable containment materials at high temperatures. 

High-temperature solid-core reactors can be built with more well- 
known materials. Some materials that are good high-temperature moder- 
ators are heavy metal hydrides, graphite, and beryllium oxide. Up to 
approximately 2000° F some hydrides contain enough hydrogen to be ex- . 
cellent moderators, but there is still the problem of hydrogen diffusing 
out of the moderator. Graphite has good physical properties at the high 
temperatures, but its nuclear properties result in very large reactor, 
size. However, beryllium oxide combines both good moderating properties 
and good physical properties. 

Except in low-power reactors, the fuel in solid-core reactors is 
incorporated in replaceable fuel elements, which contain the coolant 
flow passages. The maximum allowable fractional burnup of fuel in such 
elements is limited by the physical damage to the elements due to radia- 
tion. Ordinarily, the reactor will have ti be shut down and the fuel 
elements replaced some number of times during the life of the reactor. 

Because fuel elements cannot be replaced in a solid-core reactor 
without shutting down the reactor, a long life in such a reactor can be 
attained only by large loadings of fuel ard high fractional burnup. Even 
with a liquid-core reactor, where it is possible to add uranium contin- 
uously while the reactor is in operation, it might be more convenient 
to load a great deal of uranium initially. In order to do this, a large 
amount of controllable negative reactivity is needed. Shim and control 
rods can be used to control excess reactivity, but the amount is limited 
by the acceptable flux and power distorticns caused by changes in rod 
positions. The amount of extra fuel that can be controlled can be in- 
creased by adding a burnable poison with ihe fuel. For truly thermal 
reactors in which there are negligible fit sions at energies above therm 
nuclides with thermal absorption cross-sections in the range of 700 to 
2500 barns are most promising. Lithium-6, iridium-191, mercury-199 seem 
to be useful poisons for thermal reactors. When an appreciable number of 
fissions occur at epithermal and intermediate energies, resonance absorp- 
tion in the poison becomes important, and an evaluation of the el feet of 
the poisons cannot be made by a simple examination of cross sections. 
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Reactor Design 

, , Althou S h 1 t was felt that a liquid-core reactor would be well suited 
o this application, the lack of information mentioned previously pre- 
cluded any evaluation or design of such a reactor. Therefore, a more 
conventional reactor, one moderated and reflected by beryllium oxide 
was selected for this study. ’ 

.'P ie discussion of reactor design is organized as follows. First 
considerations of reactor heat transfer will determine the reactor di- 
mensions. Then, reactor criticality and fuel element design will be 
discussed. 

Reactor heat transfer. - The calculations of the reactor heat- 
native^ SyStem considered in th e present study were of a preliminary 

A cylindrical reactor with a length-to-diameter ratio (L/d) r of 

1 ; 0 ' “ d a ra * 10 ° f reaotor fl °“ wea to reactor croos-sectloaal area a 
of 0.30 was selected for this analysis. A flat radial and a cosine 
axial neutron flux: distribution giving a ratio of maximum to average 
power density of 1.57 (ref. 7, p. 644) was chosen. It was furthefas- 
surned that the method of heat removal is by forced-convection internal 
coo ing wherein the coolant (liquid sodium) makes one pass through the 
reactor. The coolant weight flow w and coolant-inlet and -outlet tem- 
peratures are specified by the system cycle analysis. For ease in cal- 
culations, an equation giving reactor diameter Dr in terms of reactor 
design variables and coolant properties was obtained as follows: 

For a nuclear reactor in which the coolant flows between closelv 
spaced vertical fuel plates having a width B and a spacing between the 
fuel plates of d e /2, the continuity equation 


and reactor flow area 


w = pA-V 


Af = N B 


combine to give the number of coolant passages N 

2w 


N = 


pd e BV 


(3) 

(4) 

( 5 ) 


The maximum rate of heat transfer to the coolant QF* is 

8 . 


QF a = hS h 6 = 1 iN2BLr0 


( 6 ) 
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where 


Q = wc p AT 


(7) 


By combining equations (5), (6), and (7), the following equation results: 

Dr = FtCp Tf - (8) 

4h <5) R 

The heat-transfer coefficient h is obtained from the following 
correlation for liquid metals (ref. 7, p. 67 9) 


= ^| 7 + 0.025 [(Re) (Pr)] 0 ’ 8 } 


( 9 ) 


Thus, by using the aforementioned assuned and specified variables, 
and assigning a range of values for d e , 6, and coolant velocity V, 
equation (8) determines the required reactoi diameter. The value of h 
was assumed constant along the coolant passage length. For each com 1 - 
nation of variables assumed, the reactor pressure drop is obtained from 
the following relation (ref. 7) 


Ap = 


1.5 pv* 


2g 


where for turbulent flow , 


f = 0.079(Re) 


2gd 


-0.85 


( 10 ) 


( 11 ) 


The first term in equation (lO) accounts for the pressure loss due 
to contraction and expansion as the coolant enters and leaves the cool- 
ant passages, and the second term gives the pressure loss due to fluid 
friction in the coolant passage. 

For an electrical power output of 20,0 DO kilowatts the cycle anal- 
ysis dictates that the reactor thermal power is 88,000 kilowatts and 
the reactor coolant flow and coolant temperature rise are 1255 Pounds 
per second and 225° R, respectively. Using equations (5), (6), and (10), 
a cylindrical reactor was selected having a diameter and height of 30 
inches with approximately 590 coolant passages and a coolant -pas sage 
hydraulic diameter of approximately 0.24 inch. The coolant velocity 
was 22.5 feet per second and the coolant pressure drop was approx- 
imately 8 pounds per square inch. 
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Reactor criticality . - Using the reactor dimensions determined by 
heat-transfer considerations, and assuming the reactor is reflected on 
all sides by 3 inches of beryllium-oxide, the critical fuel mass was 
determined by two-group theory using a reflector savings of 6 inches 
(twice the actual reflector thickness). In the determination of the 
group constants it was assumed for convenience that the coolant volume 
was empty, not filled with sodium' as it will be in operation. If the 
sodium were included in the confutations, the moderating properties of 
the core would be improved but then lower reflector savings should be 
assumed, and there would be some cancellation of effects. Furthermore, 
an error in the critical mass has very little effect on the powerplant 
analysis. The computed critical mass is 21 kilograms and the resonance 
escape probability is 0.23, indicating that the reactor with this load- 
ing is not thermal. 

However, a higher fuel loading is needed to allow for fuel bumup. 
During 2-year operation at a power level of 20,000 kilowatts, approx- 
imately 85 kilograms of uranium-235 will be consumed. Some unpublished 
NASA Fermi age criticality calculations for thermal reactors indicate 
that by use of burnable poisons an initial fuel loading of three or 
four times the clean critical loading and a burnup of 50 or 60 percent 
seems attainable. However, the reactor considered herein will be epi- 
thermal or intermediate after loading with extra fuel, and there is no 
simple way to determine how much can be gained by using burnable poisons 
in such a reactor. Therefore, a loading of 75 kilograms of uranium-235 
and a burnup of 55 percent simply was assumed to be possible for this 
reactor. With this initial loading and burnup the reactor must be re- 
loaded only once . 

Fuel assemblies . - The only fuel considered in this study is uran- 
ium-235. Since metallic uranium will melt at the reactor operating tem- 
peratures, the fuel will have to be in high- temperature-resistant com- 
pounds such as uranium oxide U0 2 or uranium carbide UC 2 - The oxide has 

a very high melting point and its technology is well known, but uranium 
carbide, which also has a high melting point, has a better heat conduc- 
tivity and might be preferable. Uranium carbide was chosen for this 
study, but if uranium oxide had been selected, the results would not be 
substantially different. 

The reactor is loaded with uranium-235 fuel enriched to 93.5 per- 
cent. The fuel, in the form of uranium carbide is incorporated into 
flat-plate -type fuel assemblies. The rectangular fuel plates consist 
essentially of uranium carbide particles uniformly dispersed and imbedded 
in molybdenum along with a small amount of poison, and the fuel is clad 
on each side with molybdenum. The thickness of the fuel plate is 0.031 
inch. 
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The fuel plates are contained in a fuel assembly, which is 3.1 
inches on a side and 30 inches long. The fi_el assembly structure con- 
sists of two molybdenum side plates, 0.050 inch thick, and a molybdenum 
center support plate, 0.025 inch thick. There are a total of 28 fuel 
assemblies in the reactor. Each fuel assemtly contains 21 fuel plates 
with a nominal spacing of 0.12 inch between each plate. The fuel assem- 
blies are placed in molybdenum sleeves in the beryllium oxide moderator 
in order to contain the liquid sodium coolart. The sleeve thickness is 
0.050 inch on a side. 

P3 

Reactor weights. - The total reactor weight is 4070 pounds; the 
breakdown is as follows: reactor core, excluding fuel elements and 

coolant, 1450 pounds; fuel elements for one loading, 800 pounds; re- 
flector, 1600 pounds; and sodium coolant in the core, 220 pounds. 


HEAT-EXCHANGER DESIGN 

A heat exchanger is used to transfer heat from the radioactive 
liquid sodium in the primary loop to the nor radioactive sodium in the 
secondary loop. The shell and tube heat exchanger assumed for this 
analysis is a U-bend fixed- tube -sheet excharger made of molybdenum. 
Further, it is assumed that the tubes are ii. a triangular pattern with 
a 0.40 inch pitch; the tube inside diameter is 0.25 inch; the sodium 
velocity in the tubes is 30 feet per second. 

The basic equations used to design a heat exchanger for this anal- 
ysis are given in appendix C along with a simple calculation for an 
electric power output of 20,000 kilowatts. No attempt was made to op- 
timize the performance or weight of the equipment. A summary of heat- 
exchanger data is given in table I for the .assumptions stated 
previously. 


SHIELDING ANALYSIS 

The space-vehicle configuration chosen for this application, de- 
scribed previously, is shown in figure 1. In order to calculate the 
shielding required to protect the crew, an outer diameter of 80 feet 
was selected for the crew compartment. Thi ; diameter, has the follow- 
ing qualities: (l) there is no large variation in body forces in the 

crew compartment, (2) this diameter provide; a body force of approx- 
imately 1 g at a reasonable rotative speed, and (3) it is compatible 
with the other components of the space vehicle, particularly the 
radiator. 

The radiator was placed between the reactor and crew compartment 
to minimize the amo unt of structure require!. It was tapered, as shown 
in figure 1, in order to stay within the so Lid angle defined by the 
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reactor and crew compartment. This arrangement would also permit an 
approach to the crew compartment by another vehicle even after the re- 
actor and radiator are put into service. 

In the present study, shielding of the crew from the reactor radia- 
tion only was considered. The radiation shielding geometry consists of 
a neutron shield between the reactor and heat exchanger, and a gamma 
shield between the heat exchanger and the crew compartment (fig. 8) . 

The neutron shield prevents the sodium working fluid from becoming 
activated, and also serves as a gamma shield. The gamma shield serves 
to shield from gamma activity originating from both the reactor and the 
primary sodium. In addition, gamma shielding from the reactor is pro- 
vided by the sodium in the heat exchangers, headers, and piping. Be- 
cause air scattering is absent in space applications, shadow shielding 
is sufficient for both the neutron and gamma shields. 


Shield Materials 

The use of high-temperature shield materials is required in this 
application because of the high temperatures (up to 2800° R) encountered 

in the reactor and heat exchanger. For this reason, boron carbide B^C 
was chosen for the neutron-shield material and tungsten was chosen for 
the gamma-shield material. In addition, a heavy metal hydride was con- 
sidered for the neutron shield for comparison purposes only. Although 
the shield material problem was not investigated in great detail, it is 
believed that the choice of boron carbide and tungsten were reasonable 
because both materials have the desired thermal and nuclear properties. 

Neutron shield . - Boron carbide has good neutron slowing down and 
absorption properties in addition to its high melting point. The nuclear 
properties of naturally occurring boron were used in determining the re- 
quired neutron- shield thickness. 

Boron carbide has two other attractive features for use as a neu- 
tron shield. One of these features is that only a relatively few soft 
capture gammas are given off. The other feature is that the gamma rays 
arising from neutron inelastic scattering are not a serious problem. 

Gamma shield . - Tungsten is a good gamma-shield material for this 
application because it has both a high density and high melting point. 

The reduction of the gamma radiations from a point source is accomplished 
almost entirely by the thickness density (gm/cm 2 ) of material between the 
source and detector. For a spherical shield, therefore, the shield 
weight is reduced by using a high-density material. This same principle 
applies to the present shield configuration and thus it was desirable to 
use not only a high- temperature material but one of high density as well. 
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The tungsten shield was used in order to protect from loth the primary 
sodium gamma activity and the reactor activity. In all of the cases 
investigated, the gamma-shield thickness was determined by the primary 
sodium activity. 


Calculation Procedure 

In calculating the shield dimensions it was necessary to make a 
number of abbreviating assumptions in order to obtain answers within a 
reasonable length of time. References 7 to 1) were the sources of in- 
formation drawn upon for most of the assumptions and methods of calcu- 
lating shield dimensions. Only the main assumptions and principle pro- 
cedures followed will be presented here in outline form. 

An exponential attenuation in conjunction with a linear buildup 
factor was assumed for both the neutron- and gamma- attenuation calcula- 
tions. For neutron attenuations the linear buildup factor (ratio of 
shield thickness to relaxation length) was tacen to be the ratio of the 
boron carbide thickness to a relaxation lengt l obtained by taking the 
reciprocal of the removal cross section given in reference 9 for boron 
carbide. Although it is not theoretically correct to use the removal 
cross section in this manner, the error incurred is consonant with the 
accuracy of the over-all calculation procedure. The buildup factor for 
gamma attenuation was taken as the ratio of t ingsten thickness to the 
relaxation length of 4 Mev gamma rays in tungsten. 

The reactor was treated as a cylindrical source with uniform power 
per unit volume. All gamma rays and neutrons emanating from the reactor 
were taken to have an energy of 4 and 8 Mev, respectively (ref. 7). It 
was also assumed that 20 Mev of energy in the form of gamma energy were 
released per fission (ref. 7). The intensity of the fast neutron and 
gamma flux in the reactor was determined from the equations on page 34 
of reference 8. Gamma radiation resulting from inelastic neutron scat- 
tering was neglected. These gamma rays were ignored when it became ap- 
parent that the tungsten-shield thickness was determined by the primary 
sodium activity. 

Calculations of the shielding required far the primary sodium acti- 
vity were made assuming the activity stemmed from a uniformly distri- 
buted cylindrical source the size of the heat exchanger. The accepted 
decay scheme and thermal neutron cross section of sodium was used in de- 
termining its activity. In calculating the shield thickness, the absorp- 
tion coefficient for 4 Mev gamma rays was used as in the case of the re- 
actor shielding. This results in a conservative answer since the sodium 
gammas are not this energetic. The primary sodium activity was assumed 
to be constant because the reactor time of operation was long enough and 
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the decay constant for the sodium was large enough that the sodium at- 
tained secular equilibrium (i.e., the activity becomes constant with 
time) . 

A simple distance attenuation between the shield-face dose and crew 
dose was assumed. Scattering from the radiator or other spaceship struc- 
ture was ignored and none of the structure, equipment, and so forth was 
credited as shield material. All machinery, radiator, structure, and so 
forth, were positioned within the solid angle prescribed by the crew com- 
partment and reactor. The crew dose rate allowed was 100 mrem per week. 

To completely eliminate the activation of the secondary sodium by 
the neutron flux from the reactor would be impractical if not impossible. 
For this reason a secondary sodium activity was permitted, which would 
give the crew a dose equal to 0.01 of the total allowable. The assump- 
tions made in calculating this allowable activity (and, thus, allowable 
heat- exchanger flux) were that: (l) For dose calculation purposes the 

secondary sodium activity was considered to be concentrated as a point 
source on the axis of rotation midway between the shield face and the 
face of the crew compartment, (2) the crew dose received from this ac- 
tivity was attenuated simply by the distance between the crew and source 
of radiation, and (3) the sodium attained secular equilibrium. 

Shield weights were calculated for two separation distances, which 
were selected as the minimum distance that would permit placing the 
radiator between the shield and crew quarters, and the maximum separa- 
tion distance that appeared practical. Separation distances of 286 and 
624 feet were used; these particular numbers are the result of a trial - 
and-error procedure used in the shield calculations. For a distance of 
286 feet the total shield weight (neutron plus gamma shields) was 38,000 
pounds. This weight decreased to 24,500 pounds for a separation dis- 
tance of 624 feet. The combined weight of the shield, piping, and struc- 
ture for the 624- foot distance was about 8000 pounds less than that for 
the 286- foot distance. Thus, the space vehicle conf iguration having a 
separation distance of 624 feet was selected for this report. 

No provisions were made in the shielding calculations for the sodium 
piping. In order to shield against the gamma rays given off by the pri- 
mary sodium piping, the tungsten-shield dimensions were increased (fig. 

8). To shield the secondary sodium piping from the reactor neutron flux, 
one boron carbide shield dimension was also increased. Because the shield 
materials were selected to withstand very high temperatures, the shield 
cooling problems are greatly simplified. It was assumed that if thermal 
radiation from the shield was not sufficient to take care of the gamma 
heating, the required cooling could be obtained by using the .primary 
sodium as a coolant. In addition, the use of a shadow shield and its 
near weightlessness in space would make it possible to design a practi- 
cally restraint-free shield and thus mitigate the thermal -stress problem. 



16 


In comparing "boron carbide with the heavy metal hydride as neutron- 
shield material, it was found that the heavy metal hydride resulted in a 
thinner shield but its weight was approximately 2.7 times the boron car- 
bide shield weight. The reduction in neutron- e hield thickness using the 
heavy metal hydride made a savings in the tungsten gamma-shield weight 
possible. However, this reduction in weight was quite small and did not 
offset the added neutron-shield weight. The total weight, therefore, of 
the neutron plus gamma shield was greater (approximately 60 percent) when 
the heavy metal hydride was employed. It should be noted that for other 
shield configurations (e.g., a unit shield), the use of a heavy metal 
hydride could yield a lighter shield. (The shield weights arrived at 
for this space vehicle are probably conservative . ) 


Cosmic Ray Radiation 

The amount of cosmic ray radiation in space and the effects on humans 
are two of the unknowns that could exert a profound influence on space- 
vehicle design. Experimental measurements will probably establish in the 
not too-distant future the composition and distribution of cosmic radia- 
tions in space. The effects on humans of this cosmic radiation will not 
be established quite so readily. These effects must be determined, how- 
ever, before a truly rational space-vehicle design can be undertaken. 

Recent artificial earth satellite data have shown intense low— energy 
radiation existing in space that increases in intensity with distance 
from the earth. These new discoveries increase what was already a poten- 
tially hazardous condition. Dr. Schaefer in his many papers (ref. ll) 
estimated that the dose received from cosmic raiiation known prior to the 
satellite data could be very high. This dose, which was over 100 mrem 
per day in space, was obtained by extrapolating known radiation ioniza- 
tion effects to those resulting from cosmic ray;. It should be noted, 
however, that others working in this field had lot felt that cosmic radia- 
tions constituted a serious problem but in most instances they had not 
viewed the problem on a long-time-exposure basi;. In any event, it is 
universally agreed that very thick shields will be required if the high- 
energy particles involved in Dr. Schaefer's cal ml at ions are to be stopped 
by conventional shielding techniques. Very few calculations or measure- 
ments of the amount of shielding required for protection from these cosmic 
rays have been made. However, a simplified calculation for continuous 
exposure indicates that the order of magnitude for these shield thick- 
nesses will probably be 12 or more inches of aluminum. In such an event, 
the reactor shielding will be viewed entirely differently as will the 
crew compartment management. It might also be noted that this amount of 
shielding will probably prove adequate for protection from the low-energy 
radiations disclosed by the satellites. 
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CONDENSER RADIATOR 
General Configuration 

The heat-rejection system of the space-vehicle powerplant involves 
two primary functions: the condensing of the discharge vapor and the 

rejection of its latent heat through radiation into space. Vapor con- 
densation may present a problem in such a space system because of the 
absence of net body force. However, condensate removal can be enhanced 
centrifugal force through rotation of the condensing surfaces 
or by mechanical means, such as the action of wiper blades. The design 
of a suitable heat-rejection system was therefore governed by consider- 
ation of both total weight and of simplicity and effectiveness of the 
c onden s ate - r emo val system. 

In general, two arrangements are possible for the heat-rejection 
system: separate condensing and radiating units with a secondary cool- 

ing system between them can be used or both functions can be combined 
into one component. In the single -component system, the vapor of the 
mixture discharged from the turbine is condensed at constant temperature 
on the inner surfaces of flow passages that consist of tubes or channels. 
The latent heat of condensation is conducted across the walls of the 
flow passages and is then radiated into space from the outer surfaces. 
Condensate removal is facilitated by rotation of the passages to provide 
a centrifugal force in the direction of the flow. 

In the separate-component system, vapor is condensed on the surface 
of the condenser unit, and the condensate is collected (by rotation or 
mechanical means) and returned to the cycle. The heat of condensation 
is absorbed by a liquid coolant circulating between the condensing sur- 
faces and the separate radiator unit. The separate-unit system has an 
advantage in that smaller and lighter radiator piping is required because 
of the smaller volume flow rates than in the vapor radiator. However, 
this weight reduction will be counteracted by the additional weight of 
the separate condenser and of the greater radiating surface area required 
by the liquid radiator. A larger radiating surface is required by the 
separate radiator compared with the integral vapor radiator because the 
average surface temperature of the liquid radiator will be lower than 
the surface temperature of the condensing vapor radiator. 1 A lower total 
weight for the separate component system therefore appears highly un- 
likely. As a consequence and in the interests of simplicity, it was de- 
cided to use a single condenser radiator that combines both functions. 


X A lower average surface temperature occurs for the all-liquid ra- 
diator because a temperature drop will exist along the flow in the radia- 
tor and also because the maximum liquid temperature in the cooling loop 
w iH lower than the temperature of the vapor in the condenser. 
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The general configuration of the condens ;r-radiator was governed 
by the primary requirements (l) that it be co rtained within the cone 
angle of the protected volume behind the shie Ld and (2) that it be suf- 
ficiently removed from the crew compartment ii order to minimize tne 
heat transfer to the compartment. The radiator was consequently located 
approximately 220 feet from the reactor with a. maximum radial length, (or 
length normal to the axis of the vehicle) at bhe front end of approxi- 
mately 16 feet (fig. l). The radiator is thus forced into a configura- 
tion of comparatively long axial length and snort radial height. 

In selecting the general geometric form of the radiating surface, 
two possibilities were considered; a truncated surface of revolution 
rotating about its axis, and a plane of trapezoidal plan form rotating 
about the long axis through its center of gravity. For this vehicle, 

only one side of the surface of revolution can be used to radiate heat, 
and thus, for a given wall thickness the surface of revolution will be 
considerably heavier than the plane in which both surfaces can be util- 
ized. It appeared more desirable therefore to adopt the trapezoidal 
plane as the geometric form for the radiator. 

The primary radiator structure was designed as a series of individ- 
ual constant cross-section tubes laid side by side. This type of con- 
struction has the advantage of simplicity of fabrication and assembly, 
as well as of analysis. 2 In order to allow for the contingency of tube 
puncture due to meteoroid impact. It may be necessary to close off the 
flow In each tube (tube diameters are sufficiently large, 3.3 to 5.25 
in., to permit such a scheme), or even effect repairs of individual 
tubes . 

As a further precaution against the loss of vital fluid in the event 
of malfunction of the individual tube shutoff valves, the radiator was 
divided into eight independent sections of equal surface area. Each tube 
section has inlet and outlet headers and val res so that the section can 
be cut off from the main flow. 

A schematic diagram of the general radi itor construction is shown 
in figure 9. Vapor from the turbine flows aLong the central delivery 
pipe (on the axis of rotation) and enters th ; individual section headers 
through the connecting pipes. The vapor is ;hen distributed to the in- 
dividual tubes where it is condensed (latent heat is radiated from the 
tube outer surface). The condensate is centrifuged into the outlet 


2 A sandwich-type construction consisting of two separated flat plates 
was also considered in which the necessary supporting structure in between 
the plates forms the flow passages. However, a rough calculation showed 
that for the same stress, the sandwich construction tends to give a 
greater weight than the tube construction* 
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headers and thence into the outer return pipes and is collected in the 
pump well at the outermost periphery of each segment. The pumps then 
drive the condensate through the central return pipe. Cutoff valves are 
located in the short connecting pipes at the inlet and outlet headers 
of each tube section. A suitable supporting structure is used to rein- 
force the various components of the radiator. 


Design Values 

The principal design factors governing the weight of the radiator 
for a given radiating surface area were found to be the density of the 
material used for the structure, the wall thickness of the radiating 
tubes and of the supply piping, and the velocities of the fluid in the 
various components of the radiator. Principal attention in the design 
was therefore directed to these factors. 

Material . - A desirable material for radiator application is one 
with adequate creep strength at the operating temperature (1340° F) and 
pressure (2.7 lb/sq in.) of the unit, good resistance to corrosion with 
sodium, good meteoroid- impact resistance, and low density. Stainless 
steel was selected as a satisfactory material for the radiator. Type 
304 or type 316 stainless steel, for example, is expected to have a creep 
strength of over 2000 pounds per square inch for 2 percent creep in 
20,000 hours at 1340° F, while the combined tube stresses due to internal 
pressure and centrifugal force were computed to be of the order of 400 
pounds per square inch. (Beryllium appears to have properties superior 
to those of stainless steel for radiator application^ but beryllium was 
not specified in the design because of the uncertainty in its feasibil- 
ity of fabrication and high-temperature properties.) 

Wall thickness . - Because of the comparatively low fluid pressures 
in the system, operating stress was not a significant consideration in 
the selection of the tube and pipe wall thickness* The principal concern 
was for penetration damage incurred by impact with meteoritic particles. 
In general, the probable number of penetrations that can be allowed in a 
component will depend on the resultant damage to or disruption of opera- 
tion of the unit. For the radiating tubes, if a puncture is sustained, 
the tube can be shut off permanently. The loss in radiating surface area 
in such cases can be compensated by the surplus radiating area contained 
in the inlet piping and headers and also by a possible gradual increase 
in the emissivity of tube surfaces due to meteoritic erosion. Thus, it 
may be reasonable to allow for tube loss of 10 to 20 percent due to me— 
teoritic action. For the delivery and return piping, however, it is es- 
sential to design for an extremely low puncture probability, since such 
an occurrence might be catastrophic for the unit. 
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Unfortunately , reliable estimates of meteoritic puncture probabil- 
ity cannot be male currently. The radiating ti.be wall thickness was con- 
sequently arbitrarily selectel as 0.025 inch. For this wall thickness, 
according to the meteoroid hit frequency data ;nd the proposed penetra- 
tion criterion of Whipple (ref. 12), approximately 15,000 penetrations 
might be sustained during the lifetime of the 'ehicle. However, extrap- 
olation of existing experimental data on cratering effects in high- 
velocity particle impact (e.g. , refs. 13 and 1*-), after suitable correc- 
tion for the difference between meteoroid and rube material density, in- 
dicates that only about two or less penetrations might be expected during 
the lifetime of the vehicle. 

For the radiator supply piping, the wall nhickness was increased to 
0.125 inch in order to provide a substantial resistance to penetration. 

In addition, all supply pipes were enclosed wiuhin a 0.025- inch-thick 
steel meteor bumper (ref. 15) located a distance above the outer surface 
of the pipe equal to about 0.1 the diameter of the pipe. The bumpers are 
calculated to sustain between 2800 to less than one penetration during 
the lifetime of the vehicle. However, the meteoroids possessing suf- 
ficient energy to pierce the wall of the bumper will be fragmented into 
many smaller particles before they impinge on she surfaces of the pipes. 
The probability of a puncture of the piping waLls will therefore be quite 
small. 


Flow velocity. - In general, it is desiraole to maintain fluid flow 
velocities throughout the radiator as high as possible so that pipe size 
and, therefore, weight can be reduced. However, velocity limitations 
may be incurred in the various components becarse of considerations of 
excessive friction pressure drop, possible chosed flow, and excessive 
corrosion rates. Values of flow velocity selected for the various com- 
ponents are listed in the following table: 


Component 

Velocity, 
ft/ sec 

Remarks 

Central delivery pipe 
( vapor) 

1285 

(M = 0.6) 

Choke limit. 

Inlet headers (vapor) 

1088 

(M = 0.5) 

Choke limit. 

Radiating tubes 
(vapor) 

100 

Total tube weight independent 
of tube size. Low velocity 
to give large tube diameter 
and small difference between 

vapor stagnation and static 
temperatures 

Return headers and 
pipe (liquid) 

4 

Friction drop must be less 
than pressure rise resulting 
from centrifugal force 

Return pipe downstream 
of pump (liquid) 

i 20 

Corrosion limit. 
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The total radiating tube weight is independent of tube size because 
the product of tube diameter and number of tubes is constant for a given 
required radiating surface area (appendix D). A small difference be- 
tween radiating -tube stagnation and static temperature is desired so 
that the radiating surface temperature, which depends on vapor static 
temperature, can be maintained as high as possible. In the outlet head- 
ers, it is desirable to have a net pressure rise so as to favor the 
avoidance of cavitation difficulties in the pump (condensate will closely 
approach saturated state). 


Pumps 

Each condensate pump at the outer periphery of the radiator is re- 
quired to deliver 248 gallons per minute at a head of about 100 feet. 

If an electromagnetic pump is considered with an efficiency of approx- 
imately 35 percent, the power required for each is 13.6 horsepower and, 
according to the limited data of reference 16 (p. 347), a weight of ap- 
proximately 175 pounds might be expected. 


Heat Transfer 


Inasmuch as required radiant surface area (and, therefore, radia- 
tor weight) varies inversely with the fourth power of the temperature 
of the radiator outer surface, it is desirable to effect as small a tem- 
perature drop as possible between the fluid bulk inside the tubes and 
the tube outer surfaces. According to the heat-transfer equations in 
appendix D, the magnitude of the condensing heat-transfer coefficient 
will largely determine the temperature drop, and large values of this 
coefficient are desired. In the absence of data on condensing heat- 
transfer coefficients for liquid sodium, a temperature difference of 
20 F between the turbine-outlet total temperature and the radiator sur- 
face temperature was assumed for the cycle calculations. This temper- 
ature difference requires a condensing heat-transfer coefficient of 
approximately 685 Btu per hour per square foot per ° F. It is believed 
that the rotative speed of the radiator (which produces a maximum accel- 
eration of 3/4 g) is sufficient to maintain the heat transfer within the 
specified temperature difference. 

For the radiant heat transfer from the radiating tubes, it was as- 
sumed that the emissivity can be maintained approximately at a value of 
0.90 (either through the use of special coatings or the erosive action 
micrometeoritic particles), and that the effective radiating area of 
the tube surfaces is equal to the projected area of the tubes. That is, 


^n ^^n^n^o,n 


(13) 
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Stresses and. Struct ire 

In order to reduce the weight of required accessory structure, the 
radiating tubes and outlet headers and pipes can be allowed to be self- 
supporting, with the centrifugal load transmitted by the tubes to the 
inlet headers. No difficulty is anticipated with this arrangement, in- 
asmuch as the total centrifugal stress at th 2 base of the radiating 
tubes (at inlet header) was computed to be 0 ? the order of 50 pounds per 
square inch for stainless steel at a rotative speed of 7 . 6 rpm. The 
supporting structure can then be restricted zo a frame connecting the 
two inlet headers (the frame will have to carry a direct centrifugal 
load of approximately 5000 lb) and possibly also to a connecting support 
for the pumps at the outer periphery. The waight of the supporting 
structure can probably be limited to approximately 2000 pounds. 


Total Weight 

The total weight of the condenser-radiator is summarized as follows 
(the various equations used to compute component weight are derived in 
appendix D) : 


Component 

Weight, 

lb 

Radiating tubes 

23,220 

Central delivery pipe 

8,320 

Inlet and outlet headers 

6,010 

and connecting pipes 


Return pipes 

2,810 

Pumps 

350 

Sodium 

1,240 

Structure 

2,000 

Total 

43,990 


In view of the many assumptions and speculations involved in the 
analysis, the foregoing results should be regarded as a rough evaluation 
of the condenser-radiator function. No attempt has been made to opti- 
mize the design within the limits of the imposed specifications, and it 
is also recognized that other schemes or gee metric configurations are 
possible for the application. However, the present analysis indicates 
the weight levels and design problems that right be expected for such a 
unit . 


TURBINE DESIGN 

For the selected powerplant design conc.it ions , the required turbine 
work is 357 Btu per pound and the turbine total-pressure ratio is 25. 
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For the selected turbine-design conditions of saturated vapor at the 
turbine inlet, the equilibrium state of the working fluid at the turbine 
exit corresponds to a liquid content of 21 percent (exit quality, 0.79). 
Knowledge of whether such a condition is tolerable or whether erosion of 
the turbine blades results from this condition will require operating 
experience with a turbine and working conditions similar to those con- 
sidered herein. Reference 17 indicates that superheating is not required 
for commercial mercury- vapor turbines having exit qualities of 0.85 or 
0.86. Whether or not the high gas velocities of the high-performance 
turbine considered herein would alleviate or aggravate the erosion prob- 
lem is not clear. If liquid droplets form, the high speeds of the drop- 
lets relative to the turbine blades will probably increase erosion. On 
the other hand, the short time that the working fluid resides within the 
turbine may result in the nonequilibrium condition of supersaturation 
without any droplet formation until the vapor leaves the turbine; this 
lack of equilibrium probably also will decrease the turbine efficiency. 

The selected turbine is an axial-flow type having four stages. The 
combination of blade stress and temperature is most severely limiting in 
the first rotor blade row, and the rotational speed was selected on this 
basis. For a power output of 20,000 kilowatts, the turbine-tip diameter 
is 64 inches, and the weight is estimated to be 10,500 pounds. 

The method by which the turbine was selected is described in 
appendix E. 


GENERATOR DESIGN 

Generator weight was estimated by extrapolation of the weights of 
two small commercially-available aircraft generators. These generators 
have the following characteristics: (This information was obtained from 

Mr. James Hibbard, Jack & Heintz, Inc., Cleveland, Ohio) 


Output , 

Weight, 

kva 

lb 

10 

20 

200 

250 


The power factor of generators for use In this analysis was considered 
to be 1.0. Departure of power factor from 1.0 would result in a penalty 
in generator weight inasmuch as, for generators limited by cooling ca- 
pacity, the specific weight would vary inversely with the power factor. 


From the preceding data, the following equation was written 



Power output 


2. 87 (Power output) 


( 14 ) 
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(The form of eq. (14) is quite arbitrary.) At the 20 , 000-kilowatt level, 
generator specific weight from this relation is 0.6 pound per kilowatt. 

Generator cooling in space is a problem because the waste heat must 
be rejected by thermal radiation. Even a generator having an efficiency 
of 0.95 must reject a megawatt of heat in o’der to produce 20,000 kilo- 
watts of electric power. In order for the radiator that rejects this 
heat to be small, the radiator must be hot. This requires either (l) 
high- temperature operation of the generator, or (2) use of a refrigera- 
tion system that permits operating the radiator at a temperature higher 
than that of the generator. The refrigerating system was not analyzed. 
Instead, the generator was considered to operate at a temperature of 
1200° R and to be maintained at this temperature by circulation of ter- 
phenyl vapor. A portion of the circulating terphenyl vapor was consid- 
ered to be bled from the generator-cooling loop, condensed in a radiator, 
and sprayed into the recirculating stream of vapor that cools the gener- 
ator. The estimated weight of the radiator necessary for cooling the 
generator was 2500 pounds. No detailed analysis of this radiator was 
made. 


SEPARATOR -EVAPORATOR DESIGN 

Instead of boiling in the intermediate heat exchanger, a separator- 
evaporator was included in the system (fig. 8). In this evaporator the 
liquid is expanded from point 5 to point 6 on figure 6 and the resulting 
vapor separated from the liquid as described in CYCLE CONSIDERATIONS. 
Rotation of the fluid and its concomitant centripetal acceleration pro- 
vide the buoyant forces required for separation. 

The pressure drop from 200 pounds per square inch at the heat- 
exchanger exit to 69 pounds per square inch at the turbine inlet was 
used to obtain high rotational speed within the evaporator. An evapor- 
ator filled with liquid but having a 1-foot -diameter cylinderical "hole" 
of vapor in the middle would, for the specified pressures, have a cen- 
tripetal acceleration of about 1800 g at ths surface of the liquid. Such 
a high acceleration should permit adequate separation of the two phases. 

For the 20,000-kilowatt system, the evaporator weight was estimated 
as follows: The evaporator shell was consilered to be spherical and to 

have its wall thickness determined by the stress required to avoid rupture 
in 100,000 hours at 2500° R and with an internal pressure of 200 pounds 
per square inch. The resulting shell weight is 135 pounds. The sphere 
was considered to be half filled with liquii sodium, giving a total 
weight of 434 pounds. 
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POWERPLANT SUMMARY 

• . U A de f ign summary of the nuclear turboelectric powerplant considered 

in this study is given in table II, and a system weight breakdown is 
given in table III. The total powerplant weight was calculated to be 
about 6 pounds per kilowatt for 20,000 kilowatts of electric power out- 
put. The radiator contributes about 2.1 pounds per kilowatt to the to- 
tal weight and the reactor and reactor shield contribute about 0.24 and 
i 1.2 pounds per kilowatt, respectively. The generator, turbine, and 

] Piping make significant contributions to the total weight (between 0.5 

i and 0.6 pound per kilowatt), while the heat exchanger, pumps, etc. are 

less important. It is significant that the radiator has the dominant 
weight in spite of the fact that the powerplant design was varied in 
order to minimize this weight. 

. , the design value of power is decreased, it is expected that the 
weight per kilowatt of most of the items listed in table III remains 
essentially constant. The shield is an obvious exception. As the de- 
sign power changes, shield weight changes slowly, with the result that 
its weight per kilowatt climbs steeply as power decreases 

H 

I 

) 

CONCLUDING REMARKS 

- This study has been directed toward exploring the design of a nu- 

clear turboelectric powerplant suitable for a manned space vehicle with 
interplanetary capability. The study was concentrated on a powerplant 
with an electrical power output of 20,000 kilowatts, and the specific 
conclusions for powerplants of this size or larger are as follows: 

(1) The radiator has the dominant weight and the powerplant operat- 
ing conditions should be selected to reduce radiator weight. 

(2) The minimum radiator area, for a fixed turbine- inlet temperature, 
occurs at a relatively fixed value of the ratio of radiator-inlet to 
turbine-inlet temperature (approximately 0.75). The turbine-inlet tem- 
perature should be as high as possible in order to maximize radiator- 
inlet temperature and therefore minimize radiator area. 

(3) The working fluid for the thermodynamic cycle should probably 
be a liquid that is boiled and condensed. If the working fluid is a gas, 
the turbine-inlet temperature would have to be about 1.6 to 1.8 times * 
as great in order for the radiator area to be as small as for a vapor 
cycle. 

(4) The radiator should be designed to reduce, limit, and perhaps 
permit meteoroid- damage repair. 
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(5) Reactor weight is a comparatively snail part of total powerplant 
weight, and a large amount of fuel will he cc nsumed during powerplant 
operation. From general considerations, it c an be seen that at lower 
power levels (approximately 100 kw), the reactor weight is a large part 
of total powerplant weight, and smaller amounts of fuel will be consumed. 

(6) The shield weight is an appreciable part of the total powerplant 
weight (approximately 20 percent), but it is not dominant as it would be 
at lower power levels . 

The results of this study have established several important research 
areas associated with the development of a reliable nuclear turboelectric 
powerplant of the type described herein. These research areas fall into 
three main categories, as follows: 

(1) Energy source: 

(a) Design and control of compact reactors for continuous and 
reliable operation at high temperatures for 1 or 2 years 

(b) Adequate methods of calculating shadow shields at temper- 
atures so high that hydrogenous naterials may not be 
suitable 

(2) Energy conversion systems: 

(a) Design of components such as netallic -vapor turbines and 
high-performance generators for lengthy reliable operation 

(b) Corrosion by metallic liquid end vapor for new ranges of 
operating conditions and new mal erials 

(c) Thermodynamic property evalual ion of liquefied and vapor- 
ized metals at higher temperatures than are currently 
available 

(d) Heat transfer upon boiling and condensing of liquid metals 
under zero gravity conditions 

(e) Strength of materials and rad:.ation damage at high temper- 
atures for extended periods of uime 

(3) Space environment: 

(a) Meteoroid damage and methods jf protection from meteoroids 

(b) Shielding for human protection against cosmic radiation 


E-156 



27 


Each of the three main research areas listed previously overlaps the 
o hers, and the solutions found in any given area will aid in the solu- 
tion of problems in the remaining areas. 
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Cleveland, Ohio, November 26, 1958 


jw 

0 
cd 

rQ 

1 

o 

o 



28 


APPENDIX A 
SYMBOLS 


The following symbols are used in this report. Consistent units 
are used: 

A effective radiant surface area 

Af flow area 

a over-all length of radiator 


B 

b 

C 


C P 

D 


% 


d 

d„ 


Fl 


f 

g 

H 

H c 

h 

J 

k 

L 


width of fuel plate 

length of radiator delivery pipe 

vapor velocity of sound 

specific heat at constant pressure 

diameter 

reactor diameter 

tube or pipe inside diameter 

equivalent diameter 

tube or pipe outside diameter 

ratio of maximum to average rate of power generation axially 
friction factor 

standard gravitational acceleration 
specific enthalpy 
heat of condensation 
heat-transfer coefficient 
mechanical equivalent of heat 
thermal conductivity 

distance from center of rotation of radiator 
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Lr 

z 

M 

m 

N 

Nu 

P 

P re 

Pr 

P 

Q 

q. 

R 

R 

Re 

S 

Sh 

T 

T 

re 

(AT) 


In 


U o 

U h 

V 


reactor length 
length of tube or pipe 
Mach number 

average molecular weight 
number of tubes 
Nusselt number, hd e /k 
power input or output 
reduced vapor pressure 
Prandtl number, Cpp/k 
pressure 

heat-transfer rate 

he at -transfer rate per unit surface area 

radius of he at- exchanger tube bundle 

universal gas constant 

Reynolds number, pVd e /p 

specific entropy 

heat-transfer surface area 

temperature 

reduced temperature 

log mean temperature difference 

wall thickness of tube or pipe 

over-all coefficient of heat transfer based on outside surface 

blade velocity at turbine hub 

velocity 

volume 
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W weight 

w weight- flow rate 

X quality of vapor (fraction in vapor phase) 

a ratio of reactor flow area to reactor core cross-sectional area 

(3 half cone angle of shield 

T stress 

T ratio of specific heats 

e emissivity 

T] efficiency 

product of generator and mechanical efficiency 

0 maximum temperature difference "between reactor coolant pas- 

sage surface temperature and coolant temperature 

A tube pitch 

\i absolute viscosity 

p density 

a Stefan-Boltzmann constant for radiaoion 

ft rotational speed 

a) defined by equation (B14) 

Subscripts : 

C compressor 

cr critical 

d delivery pipe 

e electric 

g generator 


h 


header 
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i 

j 

l 

m 

n 

0 
R 
r 
re 
s 
T 
t 
v 
v 

1 
2 
2’ 

3 

4 
a 

P 

r 

5 

Exponents 


ideal or isentropic 

integer corresponding to individual radiating tube 

liquid 

material 

integer corresponding to tube section 

outside surface 

re actor 

radiating 

reduced 

saturated vapor 

turbine 

tubes 

vapor 

vail 

start of compression process (radiator exit) 
start of heat addition process 
start of boiling process 

start of expansion process (turbine inlet) 

start of heat rejection process (radiator inlet, turbine exit) 

primary sodium entering heat exchanger 

primary sodium leaving heat exchanger 

secondary sodium entering heat exchanger 

secondary sodium leaving exchanger 


n 


polytropic constant 
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APPENDIX B 


EQUATIONS FOR RATIO OF RADIATOR AREA TO EIECTRIC POWER OUTPUT 

Gas Cycle 

The heat rejected by the system is radiated to space. Consider the 
radiator to be a tube with the gas entering at temperature T 4 and leav- 
ing at temperature T-^. Assume that the radiator wall temperature is 

equal to the gas temperature in the tube, and '/hat the sink temperature 
is 0° R. Then, for an element of radiator surface area, dA, the follow- 
ing may be written: 

-wc^dT = qdA = oeT^dA (Bl) 

Jr 

Integration of equation (Bl) between the temperature limits of T 4 
-to T 4 , results in the following equation after some simplification 


wc p (T 4 


T^) = 3aeA 


3 3 



t| + T x P 4 + T 


which may be written as 



The net power output is given by 

p net = P T “ P C 

or in terms of electric power output, 

P e = (2. 93 *10“ 4 , kw/ (Btu) (hi ) ) r) g P net 


where 


P T = wc p( T 3 - T i) = WT >T c p T 3 



(B2) 


(B3) 


(B4) 


(B5) 


(B6) 
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Vapor Cycle 

For the vapor-cycle analysis, the pressure ratios p 2 ,/p 2 311(1 

P 4 /Pq (fig- 2) were taken equal to 1.0. The pump work required to main- 
tain these pressures as well as the work required to pump the liquid 
from point 1 to 2 (fig. 2) is negligible. The net power output is 

P net = w ( H 3 “ H 4) (B8) 

where the actual enthalpy at point 4 H 4 is related to the ideal en- 
thalpy H 4 ^ 4 through the turbine adiabatic efficiency Tjrji by 

(H 3 " H 4 ) = T] T (H 3 - H 4#i ) (B9) 

In terms of electrical power output, equation (B8) becomes 

P e = 2.93>10 _4 Ti g w(H 3 - H 4 ) (BIO) 

Now, heat is rejected in the radiator at a constant temperature 
(condensing vapor) by radiation to space. For a sink temperature of 
0° R, and assuming that the radiator surface temperature is equal to 
T 4 , the following heat balance for the heat rejection is 


w(H 4 - Hj_) = ecrAT 4 


(Bll) 
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or 


_ v ( H 4 - H l) 

1 - 73xl ° 3£ (l55o) 


(B12) 


The ratio of radiator area to electric power output from equations 
(BIO) and (B12) is then 



Equation (2) was used to obtain the merc<iry and sodium curves shown 
in figure 5. The thermodynamic properties of sodium were obtained from 
reference 18, No thermodynamic properties of mercury were available 
above a temperature of 1860° R (ref. 19). Consequently, the following 
method was used to extend the mercury properties of reference 19 up to 
a temperature of 3000° R. 

According to reference 20, the entropy o i* vaporization is given by 

AS = As(°) + cd AS^ + cdW 2 ^ (B13) 

where the acentric factor u> is defined as 

CD = -log 1 P re - 1.00) (B14) 

(with P re the reduced vapor pressure, P/P cr is evaluated at the re- 
duced temperature of T re = T/T cr = 0.70). Tie vapor pressure is given 

By 

0 fo Log p re \ 

log P re = (log P re ) + cdU gjj -J (B15) 

Values of -(log P re )°, -(d log P re /dco) T , AS^, AS^ 1 ^, and AS^ 
are tabulated in table VI of reference 20 for a range of values of T re . 

Using the tabulated temperatures and pressures of reference 19, a crit- 
ical temperature T cr of 3125° R and a critical pressure P cr of 15,300 

pounds per square inch for mercury (ref. 21), table VI of reference 20, 
and equation (B15), values of cd were calculated. Since cd is fairly 
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constant with temperature , an average value was used over the tempera- 
ture range considered. For this calculation, oo was 0.260. 

Equation (B13) was then used to obtain values of AS, using a low 
temperature range that extended into the data of reference 19. At the 
low temperatures it was found that the values of AS deter mi ned by 
equation (B13) were approximately 22.5 percent lower than those of ref- 
erence 19. Consequently, the values of AS obtained by equation (B13) 
were increased by 22.5 percent. 

The entropy of the liquid mercury was determined from 

Si = c In T/T q (B16) 


where 

c, the average specific heat of liquid mercury obtained over a temper- 
ature range from 490° to 1860° R, is (from ref. 19) 

c = 0.03154 Btu/(lb)(°R) 


and 


T q = 492° R 

The enthalpy of the liquid mercury was obtained from 

E z = c(T - T q ) (B17 ) 

and the enthalpy change during evaporation is 

AH = T AS (B18) 

Thus , using the preceding method, property values of mercury were 
computed at temperatures above 1860° R. 
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APPENDIX C 


HEAT-EXCHANGER DESIGN FOR A 20,000-KILOWATT ELECTRIC OUTPUT 

The heat exchanger is designed to transfei 88,000 kilowatts of 
heat from radioactive sodium in the primary locp to nonradioactive sodium 
in the secondary loop. The design is based upcn the following previously 
determined or assumed data: 


Primary sodium entering, T a , °R 2800 

Primary sodium leaving, Tp, °R 2575 

Secondary sodium entering, T^, °R 2475 

Secondary sodium leaving, T§, °R 2700 

Total heat to be transferred, Q, Btu/sec 83,350 

Sodium weight flow in both loops, v, lb/sec 1235 

Sodium velocity in tubes, V, ft/sec 30 

Inside diameter of tubes, d, in 0.25 

Tube pitch (triangular pattern), A, in 0.40 


Properties of Sodium and Molybdenum 

The following sodium properties, which are used in these calcula- 
tions, were obtained by extrapolating the data given in reference 22, 
for the average temperatures in each loop. 



Primary 

Secondary 

Temperature, T, °R 

2687 

2587 

Density, p, lb/cu ft 

44.0 

44.0 

Absolute viscosity, p., lb/(hr)(ft) 

0.29 

0.30 

Thermal conductivity, k, Btu/ (hr) (ft) (°F) 

28.2 

29.0 

Specific heat, Cp, Btu/ (lb) (°F) 

0.31 

0.31 

Prandtl number, Pr 

0.00319 

0.00321 


The thermal conductivity, and density p m of molybdenum, the 

material assumed for the heat exchanger, were obtained from reference 


23. 


kjjj = 65 Btu/ (hr) (ft) (°T) 
p m = 637 lb/ cu ft 

An allowable stress of 2500 pounds per square inch was assumed for 
molybdenum for a rupture life of 20,000 hours. This value was based on 
data given in reference 24. 
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Outside Diameter of Tubes and Number of Tubes Required 

The tube wall thickness is determined from the following equation: 

t = 0.015 + pd/r 2 = 0.025 in. (Cl) 

where 0.015 inch is the corrosion allowance in the tube wall, p is the 
operating pressure (200 lb/sq in.), and r is the allowable stress in 
the tube wall (2500 lb/sq in.). Thus, the outside diameter of the tubes 
d Q is 0.30 inch. The tube side flow area obtained from continuity is 

Af = w/pV = 0.936 sq ft 

and the flow area per tube is 0.000341 square foot. Thus, the number of 
tubes required Tf is 2745. 


Shell Inside Diameter, -Velocity, and Equivalent Diameter 

Reference 25 presents a tube-count curve for tubes in a triangular 
pattern. Using this curve, the inside diameter of the heat exchanger 
shell is obtained. From figure B.4 of reference 25 for the design con- 
sidered herein, 

Radius of tube bundle _ R 39 . 0 for 2745 ^ end tubes 
Tube pitch A 

Thus, R = 15.6 inches. The shell inside diameter is obtained from 
Shell inside diam. = tube bundle diam. + tube diam. + 

1.5 in. free space 
= 33. 0 in. 

Thus, the shell cross-sectional area is 5.94 square feet. The total 
tube cross-sectional area (cLq = 0.30 in. and N = 5490) is 2.69 square 
feet. The shell- side flow area, then, is the difference between these 
two cross-sectional areas, or 3.25 square feet. For the U-bend heat 
exchanger considered herein, the shell-side velocity is 17.27 feet per 
second where the flow area used to determine this velocity is one-half 
of 3.25 sq uar e feet. The equivalent diameter for the shell side, 
d g = (4) (flow area)/vetted perimeter, is 0.0542 foot. 
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Heat-Transfer Coefficients 

The heat-transfer film coefficients for the shell side and tube 
side are determined as follows: 

Film coefficient, shell side . - An empiiical correlation for the 
shell side of baffled liquid-metal heat exchsngers (ref. 22, p. 285) is 
used for the film coefficient on the shell side 

0 6 

Nu =0.212 [(d e x 12 |^VRe)(Pr)] ' (C2) 


where 


Re = pVd e /p = 512, OCO 


and 


h shell = 7180 Btu/(hr)(sq ft)(°F) 


Film coefficient, tube side . - The Martinelli-Lyon relation for 
liquid metals and a uniform wall heat flux is used for the film coeffi- 
cient on the tube side (ref. 22, p. 73). 


where 


Nu 


7.0 + 0.025 



(C3) 


Re = 330,000 


and 


h = 18,950 Btu/(hr) (sq ft)(°F) 


The over-all coefficient of heat transfer, based on outside surface, 
is calculated from the following equation (ref. 25), 


a i d ° 

1 d o d ° ln d 1 

U o = hd + *m + *shell 


0. 0002729 


(C4) 


and 


U Q = 3670 Btu/(hr)(sq ftl(°F) 
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Heat-Transfer Surface Area 

The following equations are used in determining the heat-transfer 
surface area: 


Q = (C5) 

and 

s h = itd^N (C6) 

For this analysis , since (vc p ) primary = (vc p ) 8econdary , the log 
mean temperature (AT)-j n is simply the initial or final temperature dif- 
ference AT, which is 100° R. Thus, using equations (C5) and (C6), 

S h = 818 sq ft 

and 


l = 3. 79 ft 

It is assumed that the heat-exchanger length (i.e., length of 
shell, tube sheet, and header) is 3.0 feet. 


Sodium Pressure Drop Through Heat Exchanger 

The pressure drops for both shell and tube side of the exchanger 
are determined from the Fanning friction pressure-drop formula. 

Ap - ( 2 .0 + f (07) 

The friction factor f is determined from reference 16 (p. 60) . 

The constant 2.0 in equation (C7) allows for inlet, outlet, and U-bend 
losses in the respective circuits (ref. 25). The additional fluid pres- 
sure loss across baffles on the shell side is also considered to be in- 
cluded in the constant 2.0. 

For the pressure drop through tubes, for Re = 330,000, f = 0.0145, 

Ap = 20.1 lb/sq in. 

For pressure drop through shell, for Re = 512,000, f = 0.013, 

Ap = 3.64 lb/sq in. 
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Heat-Exchanger Weight 

The weight of the 2745 U-bend tubes is determined from 

W = p m NZ i (d£ - d) = 993 lb (C8) 

The shell weight is determined by firs', calculating the shell out- 
side diameter using equation (Cl) to obtain the shell thickness. For ^ 

the shell , a corrosion allowance of 0.020 inch was used. The shell 
thickness is 1.34 inches, and the shell outside diameter is 36 inches. 

Then, using equation (C8) the shell weight :.s 2162 pounds. Thus, the 
total he at -exchanger weight is 3155 pounds. 


QCT 
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APPENDIX D 
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CONDENSER -RADIATOR ANALYSIS 


Design Conditions 


_ .. F ° r a 20, 000-kilowatt powerplant, the design conditions for the 
sodium condenser- radiator are as follows: ~ 


Total effective radiant surface area, A, sq ft 

Fluid flow rate, w, lb/ sec 

Fluid inlet temperature, T, °R 

Fluid inlet pressure, p, lb/sq in 

Vapor saturation density at inlet, p s , lb/cu ft* 
Vapor mixture density at inlet, p v , lb/cu ft . . 

Liquid density, p l , lb/cu ft . . . 

Radiating tube wall thickness, t, in. . ! ! 
Supply pipe and header wall thickness, t, in. 
Material density (stainless steel), p , lb/cu ft 
Vapor velocity of sound (stagnation) ,“(3, ft/sec 


14,800 
. 53.0 

• 1800 
. 2.72 

0.00394 
0.00502 
. . 48 

. 0.025 
. 0.125 
. • 494 
. 2,265 


Radiator Dimensions 


1W P A S ^ 6mat ^ J lagram the radiator configuration is shown in fig- 
ure 9 The radiator is composed of two identical segments, and each 
segment is divided into four independent sections of equal plan form 

s ° that- the tube diameter and wall thickness are constant within 
each section. The front-end tube length (z x = 13 ft) is prescribed from 

Som h S f " C ° ne + ailSle ^ f the Shleld 0 = 3 ° 34 ' and the reparation distance 
from the reactor. The over-all length of the radiator (dimension a in 
tig. 9J v as obtained as 


a = 


1 


tan p 




1 + 2A tan 0 - 1 = 192.2 


) 


ft 


(Dl) 


where A is the plan form area of the segment (3700 sq ft). From the 
further condition that each segment is divided into four sections of 
equal plan form area, 


a = 


tan 0 




+ 2A Q tan 0 


- i „) 


(D2) 


l 


n+1 


i + a tan 0 
n n K 


(D3) 


and 
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The rear tube length is 25.0 feet, and the distance from the axis of 
rotation to the radiating tube inlet is 3 feet. 


Radiating Tubes 

Since the length of the individual radiEting tubes varies within 
each section, the total weight of all tubes (both segments) is given by 

4 N n 

»t = S V X X Wo.nl, 1 ' (D4) 

n=l j=l ' n 

where N n is the total number of tubes in each section of the radiator. 
Now, according to the assumed relation between effective radiating sur- 
face area and tube geometry, 


A, n 

X/j d °>n=V 2 (DS 

j=l 

where A n is the total (both sides) effective radiating surface area 
of a tube section. With radiating surface area and tube wall thickness 
prescribed constant for all sections, ' 
segments becomes 

4 

W t = Pm ItA n t ^2 
n=l 

For rapid calculations, the_weight can 
average value of diameter d Q as 

W t = «P m tA(l 

where A is the total required radiating surface area for the vehicle. 
The tube weight is thus a primary function o? the tube wall thickness, 
the required radiating area, and the material, density. 

The tube inner diameter and the number }f tubes in a given section 
are obtained from the radiator dimensions anl the prescribed condition 
that the radiating surface area and sodium fLow rate are the same in all 
sections, that is, A n /w n = A/w = constant. rhe radiating surface area 

for both sides of a section is given by 

An = 2Vn d o,n = 2B nW L + 2t /dn) 


the total tube weight for both 


l 1 ■ i) n 


(D6) 


be determined with the use of an 


- tA>) 


(D7) 
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and the weight flow is given by 


w n = N n pV 4 d n 


so that 


l n\ a ( X + Z) 


n 


w n \ d n / n pV 


(D8) 


or 


d n = 


8Z n (1 + Zt/dJ 


n it pV (A/w) 


(D9) 


The number of tubes in the section is then obtained from the width of 
the section a n as 

N n = d n (l + 2t/d n ) (D10) 

For the entire radiator, a total of 1124 tubes is required. 


Central Delivery Pipe 

The weight of a section of delivery pipe is given in terms of its 
inner diameter as 


W A - jrp d b t (l + ~ ) 
d,n 'm n n n\ d/ 


where 


V 


4 ^n 


^ “ fit p V 

H v,n v,n 


(Dll) 


(D12) 


where w n is the fluid mass flow to each section (w/8) . For the entire 
pipe length, with t n p v ^ n and V n constant, 


W d = 


2 V^p m t 


m 
K v v 


(i + (i + 


b 


♦ ”4V^ (l + 
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For equal fluid mass flow into each section, and for an average value of 
d, then, 

W a = 2 V*P m t 1 + Y y P^v bl + Vi* 2 + Vi b 3 + Vi" b 4 413) 

where w is the total flow rate. 


Headers 


Although shown as constant diameter seel ions in figure 9, the inlet 
and outlet headers were computed on the has is of a four-step reduction 
in diameter with equal lengths and equal reductions in flow rate. For 
the inlet header, the maximum diameter (at the center of the section) is 
determined to he that required to carry one-sixteenth of the mass flow, 
and the total weight of all inlet headers is obtained from 



For the outlet headers, the maximum diameter (at rear of section) 
is determined to carry one-eighth of the mass flow. Since the angle {3 
is very small, the length of the outlet header in each section is prac- 
tically equal to a^, so that the total weight of the outlet headers is 
obtained as 

Vo = PiV 1 + ( 3 * 073 ) (D15) 

j Z Z 


The weight of the connecting pipes between the header pipe and the 
outlet delivery pipe was computed from the required pipe diameter and 
length with a 50 percent additional allowance for the cutoff valves and 
flanges . 


Radiator Surface Tempeiature 

The relation between the temperature of the outer surface of the 
radiating tubes (radiating temperature) and the temperature of the con- 
densing vapor flowing inside the tubes is obtained from consideration of 
the heat transfer across the tube wall. The heat released by the con- 
densing vapor in the tube is 


Q = vH c 


(D16) 
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The heat transferred to the tube inner wall through convection is 

Q = hS h (T s - T w ) (D17) 

and the heat transferred to the outer wadi through conduction is 

Q = | Sh(T w - T) (Die) 

where T is the outer wall temperature. Solving for the outer wall 
temperature gives 



Since for the design considered herein the vapor velocity is very 
low, the vapor saturation temperature in equation (D19) is effectively 
equal to the vapor stagnation temperature. Thus, the radiator surface 
temperature can be directly related to the fluid temperatures considered 
in the cycle analysis. (For situations in which comparatively high 
vapor velocities are used, it may be desirable to check the magnitude 
of the difference between the static and stagnation states.) 

In evaluating equation (D19) it is noted that the ratio of the tube 
heat-transfer area (inner surface area) to the radiating surface area 
(assumed as 2d Q l ) is very nearly Tt/ 2 , so that 

T * ■ (I) ! H = (£ + 1) < dzo ) 

For the vapor temperature of 1800*^ R , with H c = 1518 Btu per pound, 
w = 9.55 pounds per hour per kilowatt, A = 0.74 square foot per kilowatt, 
t = 0.025 inch, and k = 14.7 (austenitic stainless steel; linear extrap- 
olation of data of ref. 23, p. 267), it is found that 

T = T s - 1.77 - 12,500/h (D2l) 

where h is expressed in Btu per hour per square foot per °F. 
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APPENDIX E 
TURBINE DESIGN 

The expansion through the turbine was assumed to be polytropic , 
that is. 


pv n = Constant (El) 

The sodium vapor was assumed to satisfy the Is w 

pv = X — T (E2) 

m 

In addition, the polytropic, or small-stage, efficiency of the turbine 
was assumed to have a constant value of 0.85 during the expansion pro- 
cess. The sodium vapor passing through the turbine was assumed, for the 
purpose of flow-area computation, to be monatomic. Mechanical design 
of the turbine rotor blades was limited by the centrifugal stress re- 
quired to rupture the blades at the hub in 20 .,000 hours. The turbine- 
blade stress capabilities were taken from an extrapolation of the data 
in reference 26 for an arc-cast molybdenum alloy that contains 0.45 per- 
cent titanium and that has been stress relieved for 1 hour at 1800° F; 
the resulting values of limiting stress are shown in figure 10. Centrif- 
ugal stress at the hub radius of an untapered turbine rotor blade can 
be expressed as 


r = p^Af/Sjtg (E3) 

The rotor blades were considered to be -tapered so that the stress is 0.7 
of the stress without taper. Rotor-blade temj erature at each axial sta- 
tion was assumed to equal local total temperature. 

Required axial variation in annular flow area within the turbine 
was determined as a function of total temperature within the turbine 
by assuming that at each axial station the mass flow per unit annular 
area is 0.48 of the value that would choke the annulus if the gas tan- 
gential velocity were zero. Substitution of these values of flow area 
into equation (E3) permitted Y to be plotted as function of total 
temperature in figure 11. At the turbine exit, a higher proportion of 
choking flow is permissible than at other axis! stations within the 
turbine; for this reason, the symbol in figure 11 representing turbine 
exit was located by choosing a mass flow per mit area that was 0.80 of 
the choking value. 

Figures 10 and 11 can be used to establish at which axial station 
a combination of blade stress and temperature is limiting in the 
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following way: If these figures are superimposed with the temperature 

scales alined but with the ordinates displaced from one another, each 
relative displacement of the ordinates corresponds to a particular val- 
ue of rotational speed ft; this characteristic results from the fact 
that both ordinates are logarithmic. The conditions governing the rela- 
tive offset of the ordinates are: (l) Allowable stress should always 

be at least as high as actual stress and (2) for effective design, the 
allowable and actual stresses should be equal at some point within the 
turbine. The selected superimposition of figures 10 and 11 is shown in 
figure 12. Rotor blade stress is shown to be more limiting at the tur- 
bine inlet than elsewhere. The resulting rotational speed ft is 332 
radians per second, or 3180 rpm. 

Attainable works from turbines having various numbers of stages 
were estimated from an extension of reference 27 that incorporates tap- 
ering of the hub radius. For various turbine- exit radius ratios, the 
attainable work factors -gJZdi/u^ were determined for one- and two- 
stage turbines having an exit axial Mach number of 0.6 and a blade-row- 
inlet relative Mach number of 0.8. The increment in work factor result- 
ing from changing from a one-stage turbine to a two-stage turbine was 
taken for each value of exit radius ratio as the increase in work factor 
associated with increasing the number of turbine stages by one; for 
each value of exit radius ratio, exit flow area was maintained at the 
value required to pass the mass flow, and the rotational speed was fixed 
at the required 332 radians per second. The resulting values of work 
factor are shown in figure 13 by solid lines. 

The value of work factor required to produce the specified turbine 
work (357 Btu/lb) at the specified rotational speed (332 rad/sec) was 
determined for each of several values of exit radius ratio. The result- 
ing relation between required work factor and exit radius ratio is shown 
in figure 13 by the dashed line. Any point of intersection of this 
dashed line with a solid line should be a satisfactory turbine design 
point. An exit radius ratio of 0.65 and four turbine stages were chosen 
as reasonable design conditions. At this value of exit radius ratio, 
the value of inlet radius ratio corresponding to figure 11 is 0.88; for 
the 64- inch turbine-tip diameter that corresponds to a power output of 
20,000 kilowatts, the resulting blade height at the turbine inlet is 
4 inches. 
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TABLE I. - HEAT -EXCHANGER SUMMARY 


[Electrical power, 20,000 kw; reactor thenral power, 88,000 kw. ] 


Performance 

Fluid circulated 

Weight flow, lb/sec 
Temperature (in), °R 
Temperature (out), °R 
Operating pressure, lb/sq in. 
Velocity, ft/sec 
Pressure drop, lb/sq in. 

Transfer rate design 

Shell side 

Tube side 

Radioactive 
liquid sodium 
1235 
2800 
2575 
200 
17.1 
3.64 

Nonradio ac t ive 
liquid sodium 
1235 
2475 
2700 
200 
30 

20.1 

3670 Btu/(hr)(sq ft)(°F) 

Construction 

Tubes 

Outside diam. , 0.30 in.; Inside diam. , 0.25 in.; 
length, 3.79 ft; number, 2745; pitch, 0.40; 
weight, 993 lb 

Shell 

Outside diam. , 36 in.; Inside diam., 33 in.; 
length, 3.0 ft, (includes allowance for tube 
sheet and headers); weight, 2L62 lb 
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TABLE II. - DESIGN SUMMARY OF NUCLEAR TURBOELECTRIC 
POWERPLANT FOR SPACE VEHICLE 


Electrical power output, kv 20 000 

System efficiency 0*227 

Reactor thermal power, kw qq q 0 q 

Turbine adiabatic efficiency 0 85 

Generator efficiency !!!.*.' 0*95 

Reactor pressure drop, lb/sq in q q 

Radiator pressure drop, lb/sq in 12*5 

He at- exchanger pressure drop, shell side, lb/sq in ... 3.64 

Heat— exchanger pressure drop, tube side, lb/sq in. ....... 20.10 

Reactor-inlet temperature, C R 2575 

Reactor-outlet temperature, °R 2800 

Heat- exchanger inlet temperature, °R * j 2475 

Heat- exchanger outlet temperature, °R * 2700 

Turbine -inlet temperature, °R 2500 

Radiator-inlet temperature, °R ’ * 18 qq 

Reactor coolant (sodium) flow rate, lb/sec * 1235 

Sodium vapor flow rate, lb/sec '. ... 53 

Reactor core size, in. diam. x in. length 30*30 

Reflector thickness, in 0 

Number of fuel assemblies in reactor 28 

Fuel plates per fuel assembly 21 

Spacing between fuel plates, in ' q.12 

Moderator and reflector material Beryllium-Oxide 

Fuel Uranium- 235 
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TABLE III. - SYSTEM WEIGHTS FOR ELECTRIC POWER OUTPUT 
OF 20,000 KILOWATTS 


Reactor plus one additional loading 4,860 

Heat exchanger 3,155 

Pumps 600 

Evaporator 135 

Shield 24,500 

Neutron shield, 7500 lb 
Gamma shield, 17,000 lb 

Turbine 10,500 

Generator 12,140 

Radiator (primary) 42,750 

Radiator (generator cooling) 2,500 

Piping 11,700 

Structure 2,500 

Sodium loading plus 1000 lb spare 4,000 


Total poverplant veight, lb 119,340 
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Ratio of radiator-exit to turbine- inlet temperature, T^/t^ 

I igure u. - Typical plot showing effect of cycle parameters 
on radiator area per kilowatt for gas cycle. Turbine- 
inlet temperature, T^, £500° R; emissivity, 0.90; 
generator times mechanical efficiency, ^ 0.05; ratio of 

specific heats, 1.66; component efficiency, t)q = rjij, = 0.6C 
pressure ratio, p 3 /p^ = p /p = 0.95. 
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Figure b. - Comparison of radiator area per kilowatt for gas (helium) and vapor (mercury 
and sodium) cycles. Turbine-inlet temperature, T 3 , 2500° B; component efficiencies, 
he = hip ? 0 . 80 . 














Sodium- to- sodium 



Figure 8. - Reactor end of powerplant. 
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Figure 13. - Comparison of required and available turbine 
work for various numbers of turbine stages. Exit area, 
12.88 square feet; rotational speed, 332 radians per sec 
ond; specific work, 357 Btu per pound; inlet temperature 
2500° R; working fluid, sodium. 
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